Eutrema salsugineum is a model species for the study of plant adaptation to abiotic stresses. Two accessions of E. salsugineum, Shandong (SH) and Yukon (YK), exhibit contrasting morphology and biotic and abiotic stress tolerance. Transcriptome profiling and metabolic profiling from tissue samples collected during the dark period were used to investigate the molecular and metabolic bases of these contrasting phenotypes. RNA sequencing identified 17,888 expressed genes, of which 157 were not in the published reference genome, and 65 of which were detected for the first time. Differential expression was detected for only 31 genes. The RNA sequencing data contained 14,808 single nucleotide polymorphisms (SNPs) in transcripts, 3,925 of which are newly identified. Among the differentially expressed genes, there were no obvious candidates for the physiological or morphological differences between SH and YK. Metabolic profiling indicated that YK accumulates free fatty acids and long-chain fatty acid derivatives as compared to SH, whereas sugars are more abundant in SH. Metabolite levels suggest that carbohydrate and respiratory metabolism, including starch degradation, is more active during the first half of the dark period in SH. These metabolic differences may explain the greater biomass accumulation in YK over SH. The accumulation of 56% of the identified metabolites was lower in F 1 hybrids than the mid-parent averages and the accumulation of 17% of the metabolites in F 1 plants transgressed the level in both parents. Concentrations of several metabolites in F 1 hybrids agree with previous studies and suggest a role for primary metabolism in heterosis. The improved annotation of the E. salsugineum genome and newly identified high-quality SNPs will permit accelerated studies using the standing variation in this species to elucidate the mechanisms of its diverse adaptations to the environment.
| INTRODUCTION
Eutrema salsugineum (formerly Thellungiella halophila) is a model species for the study of plant stress tolerance (Amtmann, 2009; Griffith et al., 2007; Pilarska et al., 2016; Wong et al., 2005) . The two most commonly studied accessions, Shandong (SH) and Yukon (YK), are native to the Yellow River region of China (Bressan et al., 2001; Inan et al., 2004) and the Yukon territories of Canada (Wong et al., 2005) , respectively. These accessions contrast in cold tolerance (Lee, Babakov, de Boer, Zuther, & Hincha, 2012) , water stress tolerance (MacLeod et al., 2014; Xu et al., 2014) , and disease resistance (Yeo et al., 2014) . In response to water stress, for example, YK accumulates more cuticular wax (Xu et al., 2014) , exhibits delayed wilting due to higher leaf water content, and maintains a higher leaf area, as compared to SH (MacLeod et al., 2014) . Some differences in adaptive mechanisms are linked to metabolism, such as a more pronounced increase in fructose and proline content after cold acclimation in YK compared to SH (Lee et al., 2012) .
RNA-seq has been used to identify differentially expressed genes (DEGs) that contribute to genotypic variation in response to physiological conditions (Bazakos et al., 2012; Huang et al., 2012; Stein & Waters, 2012; Wang, Gerstein, & Snyder, 2009) . When comparing expression between polymorphic accessions of a species, RNA-seq allows for the simultaneous identification and quantification of single nucleotide polymorphisms (SNPs; Nielsen, Paul, Albrechtsen, & Song, 2011; Wang et al., 2009) . These data can later be utilized as genetic markers for linkage mapping (Lisec et al., 2008; Trick et al., 2012) and to assess allele-specific expression (Oshlack, Robinson, & Young, 2010; Pickrell et al., 2010) .
Plant metabolic profiling permits the simultaneous measurement of multiple intermediates and the products of biochemical pathways. Similar to RNA-seq, metabolic profiling can be used to investigate the metabolic and physiological status of biological systems (Fiehn et al., 2000) and may provide biochemical bases for differences in growth and physiology (Meyer et al., 2007) . Metabolite profiling has revealed correlations between particular metabolites and growth in Arabidopsis thaliana (Meyer et al., 2007) , but it is not clear whether these metabolites are more universally linked to heterosis.
Novel genes and enzymes in plant metabolite biosynthetic pathways have been identified through combined transcriptome and metabolome analyses (Boke et al., 2015; Sumner, Lei, Nikolau, & Saito, 2015) . In addition, this approach has provided insights into pathways that are affected by gene mutation (Masclaux-Daubresse et al., 2014; Page et al., 2016; Satou et al., 2014) , related to biotic (Gurkok, Turktas, Parmaksiz, & Unver, 2015; Liu et al., 2016) , and abiotic stress responses (Bielecka et al., 2014; Hamanishi, Barchet, Dauwe, Mansfield, & Campbell, 2015) .
Together, transcriptome profiling and metabolite profiling provide complementary experimental evidence to guide the construction of rational hypotheses for the biochemical basis of variation in growth.
The goal of this study is to identify the metabolic and transcription bases for the growth differences between the two E. salsugineum accessions. We utilized contrasting genotypes to identify genetic differences, expression divergence, and metabolic compounds associated with observed phenotypic variation. The YK accession has a higher water-use efficiency than SH (J Yin et al., manuscript in preparation) . Among several traits that differ in these accessions is a distinct change in transpiration during the dark period. We therefore employed transcriptome and metabolic profiling to provide insight on the observed differences in these accessions and chose the dark period for tissue collection because of this observation. We obtained gene expression and metabolite concentration data from SH and YK accessions during the dark period by RNA-seq and gas chromatography-mass spectrometry (GC/MS), respectively. We utilized RT-PCR to confirm DEGs implicated by our RNA-seq experiment, validating 23 of 25 candidates. By mining the RNA-seq experiment, we validated previously identified SNPs and discovered additional SNPs that differentiate these E. salsugineum accessions. We propose that observed differences in metabolite accumulation could contribute to differences in biomass.
| MATERIALS AND METHODS

| Plant material and growth conditions
Seeds of E. salsugineum SH and YK accessions were obtained from individual selfed plants. To generate SH 9 YK F 1 seed, closed flower buds of YK plants were manually opened, anthers removed, and pollen from SH plants applied to the stigma. Multiple crosses (ca. 20) were made on a single plant, which was kept in isolation until seed set. Seeds from this plant were used for F 1 experiments.
Seeds were stratified in the dark for 10 days at 4°C and then sown in a 4:1 mix of Fafard 52 Mix (transcriptome and first metabolome experiments) or Fafard 2 Mix (second metabolome experiment) soilless media (Conrad Fafard Inc., Agawam, MA, USA) and Turface calcined clay (Profile Products LLC, Buffalo Grove, IL, USA). Plants were grown in 50-ml conical tubes (USA Scientific Inc., Ocala, FL, USA). A 0.5-cm hole was drilled at the bottom of each tube where seeds were sown. Tubes were then closed with a mesh cap and placed cap-side-down to allow for subirrigation. Tubes were placed in a mist room for 12 days, at which point seedlings had reached the four-leaf stage. Plants were then grown in a growth chamber (E15; Conviron, Pembina, ND, USA) set at 60% relative humidity under a (Margulies et al., 2005) .
Raw sequences were trimmed to remove adaptor sequences, and an initial quality trimming was performed using GS De Novo Newbler (v2.5.3; default parameters). Trimmed reads were further trimmed using the FASTX-Toolkit (Gordon & Hannon, 2010) , with a minimum quality value of 12 and minimum read length of 50 bp. Trimmed reads were aligned to the Joint Genome Institute (JGI) E. salsugineum genome (Phytozome v9.1: Thellungiella halophila: http://www.phyto zome.net/thellungiella.php; Yang et al., 2013) using the splice-aware aligner GMAP v2012-11-27 with default parameters (Wu & Watanabe, 2005) . Only uniquely mapped reads were used for transcript abundance estimates and single nucleotide polymorphism (SNP) calling.
SNPs were detected using mpileup from SAMtools v0.1.18 with mapping quality ≥15, and depth ≥3 (Li et al., 2009) ; 454 sequencing has a high error rate for detecting indels (Margulies et al., 2005) , so only SNPs resulting from substitutions were retained. The two accessions are substantially inbred lines and should be homozygous at each base position. Hence, only monomorphic base positions within each accession were considered for detection of differences between the two accessions. Custom Perl scripts were used to remove SNPs (i) that were heterozygous within either accession, (ii) that were not biallelic between accessions, (iii) that were supported by fewer than three sequence reads, (iv) for which the alternative allele accounts for fewer than 10% of aligned reads, and (v) that were heterozygous between the SH accession and the JGI SH reference. If more than four SNPs were detected within a 100-bp region using the VariantFiltration module from GATK v2.4.9 (McKenna et al., 2010), they were not included in the final SNP data set. SNPs that had a mpileup quality score 999 based on SAMtools were deemed "high-quality" SNPs. Sanger sequencing data of the YK accession, available from the National Center for Biotechnology Information (NCBI) (Wong et al., 2005) , were also aligned to the ref-
erence genome using SSAHA2 (Ning, Cox, & Mullikin, 2001 ). SNPs were called using SAMtools and filtered for clustered SNPs (four SNPs within 100-bp region) using GATK as indicated. SNPs that
were not biallelic or were heterozygous within YK were removed.
Genes were identified via a reference annotation-based transcript assembly method using the Cufflinks package (Roberts, Pimentel, Trapnell, & Pachter, 2011; Trapnell et al., 2010) . Reads from SH and YK were assembled separately and then merged using the cuffmerge command (Roberts et al., 2011; Trapnell et al., 2010) . The intersect function within BEDTools v2.17.0 was used to identify genes not annotated in the JGI E. salsugineum genome (newly annotated genes). Same strandedness was not enforced when identifying newly annotated genes because of the nonstrand-specific protocol for 454 library preparation. Newly annotated genes that are unique from or overlap genes annotated by Champigny et al. (2013) but are present in the JGI reference genome were also identified using the same method (Table S1 ).
The number of reads uniquely aligned to each gene was determined with htseq-count within HTSeq v0.5.4p5 (http://www-hube r.embl.de/users/anders/HTSeq/doc/count.html) using union mode.
The bioconductor package "DESeq" v.1.14.0 was used to identify genes likely to be differentially expressed between SH and YK without biological replicates (Anders & Huber, 2010) . Gene expression was normalized, and the significance threshold for differential expression was based on a 0.2 false discovery rate (FDR; Benjamini & Hochberg, 1995) .
Genes were annotated by the best BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990) (Livak & Schmittgen, 2001 ). Relative gene expression was calculated as:
where E is the primer efficiency for each pair of qRT-PCR primers.
C T,X and C T,R is the threshold cycle of the target gene and the reference gene Actin2 (Thhalv10020906 m.g), respectively.
| Metabolite profiling and data analysis
Two metabolite profiling experiments were conducted. One experiment was performed using the same rosette tissue used for RNA-seq analysis (see above). A second metabolite profiling experiment was performed using tissue from SH, YK, and YK 9 SH F 1 plants with three replicates of five pooled plants per replicate. In both cases, identical extraction, derivatization, and analysis methods were used.
Approximately 800 mg of frozen ground tissue was incubated in methanol at 65°in 1.75-ml tubes and centrifuged at 13,300 r/min.
The supernatant, containing polar molecules, was decanted into a new tube. Chloroform was added to the pellet and incubated at 37°C for 15 min to solubilize nonpolar metabolites. Samples were then dried at room temperature for about 6 hr (polar) and 2 hr ( Pairwise comparisons within each experiment were performed by two-tailed t tests between SH and YK (experiments 1 and 2), and SH or YK and YK 9 SH F 1 (experiment 2). In the second experiment, multiple comparisons among all three genotypes were conducted by
Tukey's studentized range test (Tukey, 1949) . A t test of F 1 against the mid-parental average of SH and YK was done using the variance estimated from F 1 hybrids. Within each experiment, genotype was treated as the only main factor. A nested analysis of variance (ANOVA) was also conducted using data from the two experiments.
In the nested analysis, experiment and genotype were the two main factors. The experiment by genotype interaction was not included in the model. All identified metabolites are presented in Table S3 .
| Pathway analysis
Pathway analysis was conducted on the annotated DEGs identified in transcriptome profiling and metabolites that differed in the same direction between accessions in both metabolite experiments. The fold difference between SH and YK was used to indicate up-or downregulation in YK compared to SH. The list of DEGs or metabolites with the fold changes were imported to MapMan software (Thimm et al., 2004) . Significant pathways in which genes or metabolites were divergent from a 50/50 up/downregulation were identified using an uncorrected Wilcoxon signed-rank test (Wilcoxon, 1945) .
3 | RESULTS 3.1 | Novel genes and single nucleotide polymorphisms (SNPs) were identified by transcriptome sequencing
Whole rosettes of 4-week-old YK and SH plants grown in a 12-hr:12-hr light-dark cycle were harvested in the middle of the dark period. Libraries of cDNA isolated from these rosettes were sequenced, and reads were aligned to the E. salsugineum SH reference genome (Yang et al., 2013) . More than 1 million cDNA sequence reads, 95% of which aligned to the reference genome,
were used for a reference-directed assembly of the transcriptome (Table S4) , identifying 17,888 expressed genes (Tables S1 and S5 ).
Of these, 65 genes were novel and not predicted in the reference genome (Yang et al., 2013) nor detected in a previous transcriptome analysis (Champigny et al., 2013) . Only 20 of these 65 genes have annotated orthologs in the related species A. thaliana, A. lyrata, and/ or Schrenkiella parvula (Table S1 ). Presence-absence variation (PAV), defined as zero reads aligned to one of the two parents, was observed for 18.5% of the detected expressed genes with roughly equal numbers of genes detected only in SH or YK (Table S5 ).
The transcript assemblies were processed to detect SNPs between SH and YK; 42% of shared genes contained a total of 14,808 SNPs, of which 4,873 were deemed "high quality" (Table 1 ; Table S6 ). Of the low and high stringency SNPs detected in our experiment, 73% (10,883 positions) and 79% (3,861 positions), respectively, were also identified by Champigny et al. (2013) . We also compared our SNPs to available Sanger sequencing of cDNA clones from the YK accession (Wong et al., 2005) and identified 468
putative SNPs with reference to the SH reference genome. Of these, 441 have corresponding sequence data in the YK transcriptome we assembled and 88% (388 SNPs) had the same sequence variation in our assembly and the YK Sanger sequencing data (Table S6) .
| Transcriptome profiling and qRT-PCR identify differentially expressed genes (DEGs) between SH and YK
To assess gene expression differences between SH and YK, we determined the number of reads aligned to each gene. Less than 0.2% (thirty-one genes) of the expressed genes were identified as candidate DEGs between SH and YK ( Table 2) . Sixteen of these thirty-one candidates do not have homologous genes in A. thaliana, A. lyrata, or S. parvula, and twenty have been annotated in the reference genome (Table 2) . Of those with homologs in one of these species, none have been associated with previously reported trait differences in SH and YK. Gene ontology (GO) enrichment analysis was not appropriate, given the small number of DEGs.
To confirm DEGs based on RNA-seq, we designed qRT-PCR primers that matched unique positions in the reference genome based on BLAST analysis (Altschul et al., 1990) . Unique primers could not be designed for five genes (Thhalv10022994 m.g, Thhalv10022932 m.g, Thhalv10014933 m.g, Thhalv10019398 m.g, and Thhalv10029246 m.g) due to paralogs with high sequence similarity, and no acceptable primer pair was identified for XLOC_004723. In total, qRT-PCR data confirmed our RNA-seq data for 23 of 25 genes. For the five DEGs that had no close paralogs and at least four reads in both SH and YK, expression differences based on RNA-seq were confirmed by qRT-PCR in four of five genes (Table 2) . Among the 20 genes that had fewer than four reads in either SH or YK, expression differences by qRT-PCR was consistent with RNA-seq data in 19 (Table 2 ). In addition, when the low accession had fewer than four reads, there was no amplification in 16 of 20 cases (Table 2 ).
3.3 | Metabolite profiling reveals higher accumulation of fatty acids and amino acids in YK and enhanced soluble carbohydrate accumulation in SH
To identify potential metabolites and metabolic pathways that contribute to phenotypic and physiological differences between SH and YK, metabolite profiling was conducted in two independent experiments. In one experiment, metabolite concentrations in F 1 plants of a YK 9 SH cross were also determined.
Concentrations of free fatty acids and long-chain fatty acid derivatives were higher in YK than SH (Table 3; Table S3 ). The concentration of ferulic acid was also greater in YK, indicating a potential for greater suberin and/or cutin accumulation in the YK accession.
Based on maltose and glucose relative concentrations, the estimated starch concentration in SH was 1.7 times that of YK over the two experiments. Furthermore, the products of starch degradation were more abundant in SH than YK in both profiling experiments (Table 3) . Maltose and glucose, primary products of starch degradation, were elevated in SH along with fructose, glycerol-3-phosphate, raffinose, and an unresolved disaccharide. This suggested more active 6-carbon metabolite catabolism via glycolysis in SH compared to YK during the night (Table 3; Table S3 ). SH accumulated higher concentrations of the disaccharides isomaltose and gentiobiose, whereas YK accumulated a very small amount of melibiose in one of the two screens. Tricarboxylic acid (TCA) cycle intermediates, on the other hand, were not consistently different between the accessions.
Citric acid and fumaric acid were accumulated at higher levels in YK, and alpha-ketoglutaric acid was greater in SH (Table 3; Table S3 ).
Ascorbic acid was higher in SH, but the ascorbic acid degradation product tartaric acid (2,3 dihydroxybutanedioic acid) was higher in YK (Table 3 and Table S3 ).
All amino acids that differed between SH and YK were higher in YK (Table 3; Table S3 ). These included alanine, glycine, serine, threonine, and valine. Of these, only threonine was differentially accumulated in both profiling experiments. The amino acids alanine, glycine, and serine were only detected in one of the two experiments. Valine was detected in both experiments, but the difference Pathway analyses were conducted on both transcriptome (Table 2 ) and metabolome data (Table 3) predicted mid-parent value. This included 65% of the fatty acids and 49% of carbohydrates detected (Table S3 ). We performed a twoway contingency test to determine if an observed difference in the accumulation of a metabolite was predictive of heterosis for that metabolite (Table S7) . We found that metabolites with accumulation differences between the parents were neither more nor less likely to exhibit accumulation differences between the F 1 and the mid-parental values (Table S7) .
Hybridization can result in transgressive heterosis in which phenotypic values for the hybrids fall outside of the range of parental values. Of the 144 metabolites measured, transgressive heterosis was observed for 28. Of these, four metabolites were not observed in one of the two parents and 24 were detected in both parents and the hybrids (Figure 1 ). Of the 24 detected in all three genotypes, the transgressive heterosis was more likely to be negative (Figure 1 ; pvalue ≤ .0001 based on a Binomial exact test) and more frequently affected metabolites that did not differ in concentration between the parents (Table S7 ; p-value ≤ 0.05 based on v 2 test). Thus, heterosis for the metabolome was manifested by a decrease in metabolite pool sizes in hybrids and was not preferentially associated with metabolites that contributed to the variation between the two parents. This is consistent with our observation of decreased availability of primary metabolites in the faster growing YK (Table 3;   Table S3 ). We propose that a metabolic consequence of enhanced growth is a reduction in pool sizes of primary metabolites and greater resource utilization for anabolic metabolism.
| DISCUSSION
In this study, we profiled both transcript and metabolite accumulation to identify genetic and biochemical variation during the dark period in two E. salsugineum accessions: SH and YK. We annotated novel genes present in the reference genome and identified DEGs between SH and YK in the middle of the dark period. We found that YK accumulates more fatty acids than SH, while SH accumulates sugars at higher concentrations. Although the transcriptomic and metabolic profiling results do not offer links to each other, they do offer insight into genetic and physiological differences between these accessions. Furthermore, we identified additional SNPs and provide validation of previously described SNPs, varying between these accessions that can be utilized for future research.
| Validity of identified SNPs
Based on the predicted transcriptome size (Yang et al., 2013) , the SNP density from our analysis is 1 SNP per 10 kb of transcribed sequence; 14,887 SNPs identified from our transcriptome sequencing data were also present in Champigny et al. (2013) . However, our SNP cluster filter, which removes neighboring SNPs to account for misaligned reads at insertion-deletion polymorphisms, removed 3,604 overlapping SNPs. The removal of this set of SNPs, likely enriched for false positives, contributed to the lower SNP number detected in our study. We also acknowledge that this contributed to F I G U R E 1 Heterosis for metabolite concentrations in F 1 hybrids. Metabolites in F 1 hybrids that were higher than the high parent or lower than the low parent at p-value ≤ .05 based on two-tailed t test are shown. The ratio is calculated as F 1 / high parent when F 1 had a higher concentration than the high parent and low parent/F 1 when F 1 had a lower concentration than the low parent our false negative rate. Of the 388 SNPs that matched between our analyses of pyrosequencing data and the Sanger data, 99 were removed by our procedure. We provide a compact file containing the subset of "high-quality" (see Materials and Methods) SNPs in Table S6 . These have a SNP density of one SNP per 25 kb of transcript. This set of validated SNPs can be used for QTL mapping and fine-mapping studies (Matsuda et al., 2015; Trick et al., 2012; Wu et al., 2016) .
| Identification of genes expressed in the dark period in Eutrema salsugineum
We provided expression data supporting 63% and 67% of the predicted genes in the two published reference genomes (Wu et al., 2012; Yang et al., 2013) . This is likely an underestimate of the expressed genes in this species because we sampled only rosette tissue and only at night (Schaffer et al., 2001) . We identified 66% of the genes identified in another transcriptome analysis of E. salsugineum (Champigny et al., 2013) . Despite our study relying on lower coverage (49 vs. 89), and quantifying expression of genes only expressed in leaves at night, we annotated 65 genes not predicted in the reference genome or identified in the previous transcriptome characterization (Tables S1 and S5 ). Novel genes identified in this transcriptome study but not that of Champigny et al. (2013) are likely either only expressed at night or otherwise not expressed under the conditions of the previous study, which included a 21-hr photoperiod and low dark period temperatures.
More than 97% of the genes identified in our study are homologous to genes in A. thaliana (Table S1) (Table S1 ). Therefore, we may have identified genes that are unique to this extremophile species (Wu et al., 2012) .
More than 80% of the expressed genes identified in this study were detected in both SH and YK (Table S5 ). This indicates a conserved transcriptome between these two accessions and is consistent with previous E. salsugineum transcriptome comparisons (Champigny et al., 2013; Lee et al., 2013) . PAVs, as scored by read count in the transcript profiling experiment, accounted for 19 and 12% of all genes in this experiment and Champigny et al. (2013) , respectively. Only 13% of these were consistently detected as PAV over the two datasets. These genes are likely "true" PAV genes (Table S1 ). Other genes detected in only one of the replicates were likely due to low mRNA abundance. PAV structural variation has been observed in A. thaliana (Bush et al., 2014) , maize (Springer et al., 2009; Swanson-Wagner et al., 2010) , and soybean (Haun et al., 2011) . PAV genes are not typically essential (Bush et al., 2014) and may have minor effects on plant fitness (SwansonWagner et al., 2010) . However, genes present in only one accession could contribute to the adaptation to specific selective constraints (Bush et al., 2014) and variation in quantitative traits (SwansonWagner et al., 2010) . The observed phenotypic variation in growth rate and metabolism could be due to PAV, although no identified PAVs have been linked to trait differences in Eutrema. Further study utilizing molecular genetics to address the causes and consequences of natural variation in this species is needed to link these data types.
| DEGs and constitutive response to abiotic and biotic stresses
The low number of candidate DEGs between the two accessions of E. salsugineum used in this study was similar to other studies; 55% of these had no reads in one of the two accessions, which could be due to a lack of sufficient depth to detect very low expression. Champigny et al. (2013) identified 381 DEGs that were present in our transcriptome but not identified as DEGs in our data. RNA-seq experiments are often underpowered, and the lack of overlap with the previous study may be primarily an issue of low read depth and replicate numbers. Consistent with this expectation, 58% of the 381
DEGs identified previously have low expression (<4 reads; Table S1 ).
In addition, 41% of the DEGs from Champigny et al. (2013) exhibit lower expression during the dark period in A. thaliana (Mockler et al., 2007) , which may explain some of the lack of overlap in DEGs in the two studies. We identified 17 DEGs that were not identified by Champigny et al. (2013) , possibly because they are only differentially expressed during the dark period or under our experimental conditions.
It appears that the relative abundance of most transcripts is similar in SH and YK, as only 0.2 and 1.9% of all genes were DEGs in our study and Champigny et al. (2013) , respectively. Fourteen of the 31 DEGs identified in our study were also identified by Champigny et al. (2013) , and the expression patterns were the same in both studies. This suggests that differential expression for these genes between SH and YK is consistent over light and dark periods and the two growth conditions. Without exposure to abiotic or biotic stresses, YK expressed several stress-responsive genes (Table 2) , as also noted by Champigny et al. (2013) . Two plant defensin genes within the same family were highly expressed in YK (Table 2 ). In A. thaliana, the plant defensin type 1 family (PDF1) is comprised of seven genes (Shahzad et al., 2013) with highly conserved sequences and identical mature peptides (Thomma, Cammue, & Thevissen, 2002) . AtPDF1 genes are induced by pathogens, nonhost pathogens, methyl jasmonate (MeJA), and ethylene De Coninck et al., 2010; Manners et al., 1998; Penninckx et al., 1996; Zimmerli, Stein, Lipka, Schulze-Lefert, & Somerville, 2004) . Also, expression of AtPDF1 genes in yeast results in zinc tolerance (Shahzad et al., 2013) . Eight gene models in E. salsugineum are homologous to the A. thaliana plant defensin family. Of these, one is a likely ortholog of AtPDF1.4, whereas five are annotated as most closely related to AtPDF1.2A, and two are annotated as AtPDF1.2C. Higher expression of PDF1.2 and PDF1.4 was observed in the YK accession; however, paralogous PDF1 genes are expressed in SH (Table S1 ).
The transcript abundance of a gene encoding E. salsugineum peptide methionine sulfoxide reductase 3 (PMSR3) was higher in YK than SH (Table 2 ). There are five orthologous PMSR genes in A. thaliana, PMSR1 to 5 (Rouhier, Vieira Dos Santos, Tarrago, & Rey, 2006) , that are also found in E. salsugineum. The expression of PMSR3 is induced by arsenate (Paulose, Kandasamy, & Dhankher, 2010) . No function in tolerance or resistance has been established for this paralog in A. thaliana. However, knockout of either PMSR2 (Bechtold, Murphy, & Mullineaux, 2004) or PMSR4 (Romero, Berlett, Jensen, Pell, & Tien, 2004) results in decreased oxidative stress tolerance and overexpression of either gene increases stress tolerance in A. thaliana. Expression of PMSR4 (but not PMSR1, PMSR2, or PMSR3)
was induced in response to UV and AgNO 3 in E. salsuginea SH (Mucha, Walther, Muller, Hincha, & Glaswischnig, 2015) . It is plausible that the overexpression of PMSR3 by YK could provide greater oxidative stress tolerance in this accession.
| Eutrema salsugineum accessions SH and YK differ in carbon metabolism
In two experiments, 125 and 144 metabolites were detected.
Although the total number and specific metabolites varied somewhat across the two experiments, differences were identified between SH and YK for the 85 metabolites detected in both experiments (Table 3; Table S3 ). Differences across the experiments may be due to slight differences in the growth chamber environments even with identical settings, as metabolite concentrations are strongly affected by environmental conditions and environment by genotype interactions (Soltis & Kliebenstein, 2015) . Also, different soilless media mixes were used in the two experiments: A more bark-based media was used in the transcriptome and first metabolite experiments, whereas the soilless media used in the second experiment did not contain bark. However, there were consistent growth differences between the two accessions, and we focused our interpretation of the data primarily on those metabolites that were consistent across the two experiments.
The derivatization method we utilized has been widely used to detect sugars (Gullberg et al., 2004) , but is less accurate for identifying and quantifying amino acids (Kaspar, Dettmer, Gronwald, & Oefner, 2009 ). As a result, despite the fact that E. salsugineum accumulates higher concentrations of some amino acids than Arabidopsis (Eshel et al., 2017) , many amino acids were not detected in our analyses.
Higher concentrations of fatty acids and fatty acid derivatives were measured in YK, including several previously identified as structural components of membrane lipids, cuticle components, and wall-resident suberin (Table 3; Table S3 ). Fatty acids contain more energy than carbohydrates when used as storage compounds and can act as an efficient storage form of reduced carbon (Taiz & Zeiger, 2010) . High production of fatty acids is typical of rapidly growing tissues (Ohlrogge & Jaworski, 1997; Qin et al., 2007) . Verylong-chain fatty acids (VLCFAs; C20:0 to C30:0) play an important role in cell elongation and expansion (Qin et al., 2007) . Several VLCFAs, including docosanoic, hexacosanoic, pentacosanoic, tetracosanoic, and tricosanoic acids, were more abundant in YK than SH (Table 3) , consistent with our measurements of higher growth rates of YK as compared to SH in our growth conditions (manuscript in preparation). The VLCFA tetracosanoic acid, which plays an important role in root cell growth and expansion (Qin et al., 2007) , was accumulated at a higher concentration in YK (Table 3; Table S3 ). In addition to carbon storage, lipids are important components of membranes and the leaf cuticle (Lynch & Dunn, 2004; Tresch, Heilmann, Christiansen, Looser, & Grossmann, 2012; Z€ auner, Ternes, & Warnecke, 2010) . Our results are in agreement with Xu et al. (2014) , who measured a greater accumulation of C22 and C24 fatty acids in the epicuticular wax of YK over SH.
Overall, SH tissues had higher concentrations of sugars than YK.
These measurements of nighttime sugar concentrations were similar to previous results obtained for fructose, glucose, and raffinose in leaves of E. salsugineum harvested during the day (Eshel et al., 2017; Lee et al., 2012) . The products of starch breakdown, including maltose and glucose, were more abundant in SH (Table 3; Table S3 ), suggesting a higher rate of starch metabolism in the lower-biomass SH accession. This was consistent with the strong negative correlation between starch content and biomass observed in A. thaliana accessions (Sulpice et al., 2009) .
A study of the correlation between specific metabolites and biomass accumulation in A. thaliana revealed twenty-three metabolites that were correlated with biomass (Meyer et al., 2007) . We detected fourteen of these twenty-three metabolites (Table 3; Table S3 ). Of these, five differed between SH and YK. The concentrations of ascorbic acid, glycerol-3-phosphate, and raffinose were negatively correlated, and putrescine was positively correlated with biomass in Arabidopsis (Meyer et al., 2007) . The levels of these metabolites also corresponded to the differences in biomass between SH and YK, indicating that the relationships between metabolites and biomass found in A. thaliana were consistent in E. salsugineum (Table 3;   Table S3 ). This suggests that, although stress tolerance is vastly different between these two species (Amtmann, 2009; Griffith et al., 2007; Lee et al., 2012) , the metabolic markers for biomass accumulation may be similar.
| Increased utilization rate as a hypothesis for metabolome heterosis
More than 58% of the metabolites in F 1 plants were different from the predicted mid-parent concentration (Table S3) , indicating a nonadditive effect of hybridity on the majority of the metabolome. The lower concentration of fructose and glucose in F 1 hybrids suggests high rates of starch and sugar depletion to support rapid growth (Lisec et al., 2011) . Transgressive heterosis was more commonly observed for metabolites that were not different between the two parents (Table S7 ). This suggests that allelic variation affecting differential metabolite accumulation in the parents is not responsible for the observed heterosis in the F 1 metabolome. Although it is surprising that differences between the parents were not predictive of a YIN ET AL.
| 11 metabolite association with heterosis, it may be that the metabolomic consequences of heterosis derived from secondary effects of an increased growth rate in F 1 hybrids, rather than a causative relationship between growth rate and specific metabolites or metabolite diversity. Differences in biomass polymers and metabolites involved in anabolic growth exhibited reduced pool sizes in the more rapidly growing YK as compared to SH (Table 3; Table S3 ), as well as in the very rapidly growing F 1 plants as compared to the parents (Table S3) .
Consistent with the hypothesis that utilization rate drives the heterotic effects on metabolite pool sizes, the transgressive effect overwhelmingly resulted in lower concentrations of metabolites in the hybrids (Figure 1 ; Tables S3 and S7 ). This hypothesis regarding the cause of metabolic heterosis may be a general phenomenon in plants.
Indeed, the same associations have been observed in maize, in which largely negative overdominance for metabolites was found in the heterotic B73 9 Mo17 hybrids (Lisec et al., 2011) .
| CONCLUSIONS
Our study contributes to the annotation of the E. salsugineum genome and provides evidence of transcriptional and metabolic differences between the SH and YK accessions. Very few differences in gene expression were detected in the middle of the dark period between these two accessions, but YK has constitutively higher expression of several plant systematic defense genes. The high-quality SNPs identified in this study can be used with previously identified SNPs to map traits that differ in these accessions, such as tolerance to various stresses. There is evidence for contrasting carbon metabolism in these two accessions, which correlates with observed growth differences. Furthermore, metabolite profiling of the accessions and F 1 hybrids supports the notion that the concentrations of key metabolites are correlated with growth rate, including the increased growth rate caused by heterosis.
Our hypothesis was that combined transcriptome and metabolome profiling of two contrasting E. salsugineum accessions might elucidate the pathway(s) related to the phenotypic differences between these contrasting accessions. The difference in carbon metabolism identified via metabolome profiling provides insights for growth differences between SH and YK. However, none of the 19
DEGs that have been annotated in the reference genome are related to the observed metabolic differences. There are two plausible explanations: (i) the additional 11 DEGs that are currently unannotated in the reference genome could provide additional evidence for the link between metabolome and transcriptome, or (ii) by increasing the number of replicates in transcriptome study, more DEGs will be identified to support further pathway identification. 
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